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A common cause for premature bearing failures in wind turbine gearboxes are the so-called White 
Etching Cracks (WEC). These undirected, three-dimensional cracks are bordered by regions of altered 
microstructure and ultimately lead to a cracking or spalling of the raceway. An accelerated WEC test was 
carried out on a FE8 test rig using cylindrical roller thrust bearings made of martensitic 100Cr6 steel. The 
resulting WECs were investigated with several characterisation techniques. Ultrasonic measurements 
showed the WEC were mainly located in the region of the overrolled surface in which negative slip 
occurs, which agrees with hypotheses based on an energetic approach for a prognosis. SEM orientation 
contrast imaging of the area around WEC revealed an inhomogeneous structure with varied grain sizes 
and a large amount of defects. Microstructure characterization around the WEA using EBSD showed 
significant grain refinement. Atom probe tomography showed the microstructure in the undamaged 
zone has a plate-like martensitic structure with carbides, while no carbides were detected in the WEA 
where the microstructure consisted of equiaxed 10 nm grains. A three dimensional characterisation of 
WEC network was successfully demonstrated with X-ray computerized tomography, showing crack in- 
teraction with unidentified inclusion-like particles. 

© 2016 Elsevier B.V. All rights reserved. 


1. Introduction 


considered to be highest for wind turbine applications [4] and has 
become even more prominent with the introduction of large 


White Etching Cracks (WEC) is a particularly aggressive, un- 
predictable and wide spread bearing failure mode that is common 
for large multi-megawatt wind turbines at the main shaft, gearbox 
and generator. It causes premature breakdowns typically after 5-10% 
of the rated lifetime [1]. The nano-crystalline area bordering the 
cracks is called White Etching Areas (WEA) as it appears white in 
optical microscopes due to the resistance to etching, not to be 
confused with the cracks themselves that are named after this 
feature (White Etching Cracks). WEC can appear on different loca- 
tions (raceways, rollers), in different bearing designs, with different 
lubricants and in different steel grades [2]. While WEC is known to 
appear in many different bearing applications [3], the frequency is 
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megawatt sized turbines [5]. 

While being one of the most pronounced bearing failure 
modes, WEC is poorly understood and is difficult to reproduce at 
laboratory scale. Several hypotheses have been established on the 
cause of WEC, including [4]: Hydrogen from lubricant composi- 
tion, stray currents or water contaminations; frictional surface 
cleavage cracking followed by corrosion fatigue crack growth. The 
cause of WEC seen in industrial applications could very well 
consist of a combination of these effects. There is a severe lack of 
consensus regarding even the basic initiation mechanism of these 
failure modes [1,4]. For example it is still discussed if WEA initiate 
the cracks [6,7] or the cracks are causing the WEA [8,9]. Smaller 
WEC, so-called butterflies, are frequently found around stress 
raising inclusions within 1mm of surface, which has led to the 
debate on whether these link up and form WEC networks that 
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originate below the surface [10] or WEC networks originate at the 
surface and then grow inwards [2,11]. 

For this paper, WEC were provoked using a rolling bearing test 
rig. With the aim of giving an insight in the initiation progress, 
samples of one test specimen were distributed to several research 
facilities for investigations using highly specialized characteriza- 
tion techniques such as EBSD, atom probe tomography and X-ray 
tomography. This paper gives an overall view from macro to nano 
scale of the WEC characteristics of one specimen. 


2. Experimental details 
2.1. Test conditions 


The test was performed on a FE8 rolling bearing test rig pro- 
duced by FAG, standardized in accordance with DIN 51819 [12]. 
Fig. 1a shows the sectional representation of the test rig. Two type 
81212 cylindrical roller thrust bearings are loaded by a plate spring 
package. A closed lubrication circuit carries out the lubrication of 
the test rig. It supplies each of the test bearings separately with a 
defined oil volume flow rate and at the desired temperature. The 
mass temperature of the non-rotating washer of each bearing is 
controlled by a heating jacket. The frictional torque is continuously 
measured via a sheave. 

The housing and shaft washer raceway, as well as the 15 rolling 
elements, are made of martensitic hardened 100Cr6 steel. The 
brass cage (Ms60), which is normally used as described in [12], 
was substituted by a polyamide cage (PA 66) in order to avoid a 
chemical influence. The tested lubricant was a mineral oil based 
oil, considered to enhance the formation of WEC, with a viscosity 
grade of ISO VG 100. An analysis of the elemental composition 
showed that Phosphor, Sulphur and Zinc have been added to the 
oil. This specific oil is a commercial product, therefore its chemical 
components are unknown. The test conditions are listed in Table 1 
[13]. Termination criterion of a test is a predefined number of load 
cycles (revolutions of drive shaft) or an exceedance of a vibration 


for the lubrication film thickness. The initial A-values for the tests 
at 100 °C lie in a range from 0.57 to 0.62. Based on the calculated 
values, it is evident that the test was running within the mixed 
friction regime. The test shut off after 200 hours due to the vi- 
bration threshold being surpassed. Four large spallation areas 
were found, see Fig. 2. The test exceeded the calculated value for 
the nominal bearing lifetime Lam of 57 h. 


2.2. Ultrasonic measurements 


Ultrasonic measurements were done using a pulse-echo water- 
based HFUS 2000 with a 50 MHz transducer. The measurements of 
the bearing washers were done on the opposite side of the race- 
way so that the back-echo from the raceway surface was in- 
vestigated. The surfaces which were investigated had no surface 
defects, thus the anomalies detected were cracks. This was verified 
by removing 50 um of the surface and polishing it, which gave the 
same results. 


2.3. SEM 


Sample cross sections were cut transverse to the over-rolling 
direction from the received ring segments. After cutting, the 
samples were hot mounted in Bakelite. Samples were ground and 
polished until a finishing step of 1 um diamonds followed by 
polishing in colloidal silica on a Struers Rotopol 22. After the final 
polishing step, the samples were removed from the resin and 
glued to a pre-tilt sample holder using silver paint for electron 
microscopy investigations. 

Scanning electron microscopy on cross sections was performed 
using an FEI Helios Nanolab 600™. Cross sections were studied 
using backscattered electron (BSE) imaging mode. Orientation 
contrast was used to reveal the structure and orientation differ- 
ences both inside WEA and in the martensitic matrix. 


Table 1 
Test conditions. 


level which surpassed the set threshold, normally caused by pit- Axial load Oil Bearing mass Rotational Averaged Specific 
ting or spalling. The arithmetic mean surface roughness R, of the (Max. contact flow temperature shaft speed film thickness A 
bearing washers and rollers was measured before the test run and pressure) rate 
lies in a range from 0.44 to 0.49 um for the washers and 0.66 to 80 kN (2282 oe 100°C 300 rpm 0.59 (Automotive 
0.72 um for the rollers. Using the lubricant properties and mea- N/mm?) l/min motor/gear oil, 
sured surface roughness, the specific lubrication film thickness A fully formulated) 
was determined, using the Dowson and Higginson [14] equation 
b) 
1. Test bearings (81212) 
2. Plate spring package 
3. Spacing washer 
4. Oil inlet ports 
+ 5. Sheave for torque 
Í 1 
measurement 
Drive shaft e 


{Or e 


Support bearings 


Oil drain port 


1. Bearing washers 
2. Rolling element 
3. Polyamid cage 


Heating jacket 


10. Oil reservoir 


Fig. 1. Test rig: A) FE8 test rig with test bearings of type 81212 according to[12]. B) cylinder roller thrust bearing 81212. 
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Fig. 2. Spallation location: Areas of Spallation on the raceway after 200 h. 


2.4, EBSD 


The samples for the EBSD measurements were prepared by 
mechanical polishing, according to the application note at home- 
page of Struers |15]. The as-cut specimens were firstly grinded with 
SiC-paper, from number 320 till 2000 and subsequently polished 
with 3 um and 1 um diamond suspension. The final polishing was 
done with colloidal silica of 40 nm in size (OP-S) for 40 minutes. A 
15 N force was applied during the polishing. The EBSD system, at- 
tached to a FEI-450 type FEG-SEM, was used for the characteriza- 
tion. An acceleration voltage of 20 kV, spot size of 5 and working 
distance of 16 mm were used. TSL-OIM software was used for the 
EBSD data collection and the specimen was scanned on a hexagonal 
scanning grid with a step size of 50nm. The acquired data was 
processed using OIM-post processing software (version 6). Ferrite 
and cementite phases were indexed for the scans. 

The following post clean-up procedures have been done to the 
analysed data: (1) ‘grain CI standardization’, in which a grain was 
defined to have minimum misorientation of 10° and contain 
minimum 4 pixels; (2) ‘neighbour orientation correlation’, to as- 
sign the random pixels to the most possible orientation. No more 
than 9% of data was changed due to the clean-up procedure. Data 
points with confidence index less than 0.1 were considered to be 
unreliable and were discarded. 


2.5. Atom probe tomography 


A local electrode atom probe (LEAP 3000X HRTM, Cameca In- 
struments) was employed to analyse the distributions of the main 
alloying elements C and Cr both in the WEA and in the matrix. 
Atom Probe Tomography (APT) is based on field evaporation of 
surface atoms from a needle-shaped specimen. During measure- 
ment atoms are removed layer by layer in a controlled way and 
thus is a destructive method. This method can be considered as a 
combination of time-of-flight mass spectrometry (for chemical 
identity) and ion projection microscopy. Samples for APT analyses 
were prepared using a dual-beam FIB (FEI Helios NanoLab 600™). 
Diameter of the APT tips is about 50 nm. The APT measurements 
were performed in voltage mode at 70 K using a pulse fraction of 
15% and a pulse repetition of 200 kHz. 


2.6. X-ray tomography 


For X-ray computerised tomography, sites with WEC were lo- 
cated using optical microscopy by a cut transverse to the over- 
rolling direction. Rod-shaped specimens with a cross section of 
~0.5x 0.5mm and length of ~ 16mm (corresponding to the 
width of the washer) were cut out, so that they contained the WEC 
which had been located. The specimens were scanned using a 
Zeiss Xradia 520 for a 3D tomographic representation of the WEC 
morphology. Since the WEC were located with optical microscopy 
only part of the WEC network could be scanned. The X-ray energy 
used was polychromatic up to 160 kV from a tungsten target and 
1601 projections were acquired during a full sample rotation. 3D 
maps were reconstructed by a standard filtered back-projection 
method to 2kx2kx2k pixel volumes. The crack network was 
segmented and visualized by using the Avizo 3D software for 
materials science. 


3. Results and discussion 
3.1. Damage location 


The maximum van Mises stress oy, was calculated to be 126 ym 
below the raceway surface, roughly correlating with most of the 
observed WEC-affected areas being between 100 and 250 um be- 
low the surface. Although similar observations cannot be made 
when using other bearings types or test methods, the results imply 
a good reproducibility for axial thrust bearings on FE8 test rigs. 
The ultrasonic measurements of the raceway showed the presence 
of many subsurface defects which were located in two bands, see 
Fig. 3. The inner band (negative slip area) showed substantial 
damage in the entire band, while significantly less damage was 
found in the outer band (positive slip). There was no or little da- 
mage in between the two bands, corresponding to the centre of 
the rollers where pure rolling had taken place. 

The FE8-test rig was designed to test the wear protection of 
lubricants under boundary lubrication conditions. A criterion for 
the evaluation of the test is the pv-value for test conditions, shown 
in Fig. 4. This value is obtained by multiplying the relative 
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Fig. 3. WEC location: a) Ultrasonic measurements from part of the raceway showing the presence of subsurface cracks located in two bands. b) Kinematic conditions of axial 
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Fig. 4. Kinetic energy: The pv-value and ea xin,average based on test conditions. 


velocities v at each point along the contact area with the local 
maximum pressure Pmax.ocal- If an oil shows insufficient wear 
protection in tests on the anti-wear performance of oils, the 
maximum value of the parameter usually correlates with the 
maximum abrasive-adhesive material removal from the surface. 
However, this parameter shows a local maximum at slip values of 
approximately + 10%, in contrast to the observed WEC affected 
area, which is denser at a lower slippage. In [16] it is suggested to 
consider the contact time tcontact from each load cycle and the 
load-free time tregeneration between two cycles. The so called kinetic 
friction energy accumulation eain is introduced as: 


M p-vdt 
€a,kin, average a e 
tregeneration (1) 

According to |16] this parameter therefore describes the spe- 
cific frictional energy that is brought into the surface during one 
load cycle and its frequency (time between two cycles). 

Fig. 4 shows the kinetic friction energy accumulation for the 
test conditions given in Table 1. 

Using Eq. (1) the kinetic friction energy accumulation shows its 
maximum in negative slip of around 8% which gives a better cor- 
relation with the observed area of WEC formation. 


3.2. SEM 


Large WEC networks could be found below the raceway surface, 
most common at a depth of approximately 100-250 um. In BSE 
mode orientation imaging can be used to reveal the structure of 
WEA that in this imaging mode most often appear in light grey due 
to their fine grain structure. When observing the WEC networks in 
higher magnifications it becomes apparent that they are highly in- 
homogeneous with varying grain size and that they contain large 
amount of defects compared to the typical microstructure of the 
matrix; see Fig. 5 in which the original martensitic structure is 
visible in the lower part of the figure. In general the most homo- 
geneous appearing parts of the WEA have the smallest grain size. 
Adjacent to the WEA, changes in the martensitic matrix are visible in 
certain local areas like those shown in Fig. 6. In these areas, altera- 
tions occur in the microstructure, which show indications of slip 


Fig. 5. Inhomogeneous WEA: SEM-BSE image of an inhomogeneous WEA with large variations in grain sizes and a large amount of defects. 
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b) 


Fig. 6. Deformation microstructure: SEM-BSE images of deformation induced microstructure changes in martensitic areas adjacent to WEC. Line-like structures are clearly 
observable in transition zones between fine-grained WEA and undamaged matrix. The structures are also visible at several locations above the WEA in Fig. 5. 


structures that typically form during heavy plastic deformation 
(dark parallel lines). It can be envisioned that during over-rolling, the 
hard WEA is being pressed into the surrounding martensitic matrix. 
The most heavily loaded/stressed of these areas, with the local stress 
state being influenced by the over-rolling, the local crack geometry 
and the presence of areas with different mechanical properties and 
load response (WEA and martensitic matrix) will start to show signs 
of microstructure degradation. As a result of the continued loading 
the active/transforming areas could be converted into WEA with 
progressive grain refinement, resulting in the highly inhomogeneous 
areas with different degrees of grain refinement according to when 
the local WEA was formed and how heavily it has been deformed. 


3.3. EBSD 


EBSD was used to study the microstructure of a region containing 
a WEC as well an undamaged region for comparison. Fig. 7a shows 
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results of the undamaged region, where the martensite morphology 
can be identified. For the IPF colour coded in Fig. 7b and the phase 
mapping in Fig. 7c, pixels with confidence index less than 0.1 were 
discarded to exclude the unreliable grains. The IPF color-coded map 
in Fig. 7b reveals heterogeneous grain size and lack of preferred 
grain orientation. The phase map in Fig. 7c shows that the mor- 
phology of primary cementite carbides are either sphere or rod 
shape. No retained austenite was indexed in the microstructure of 
both undamaged and WEC areas with the used EBSD settings. The 
dark fractions in the maps correspond to the data pixels with CI less 
than 0.1, which are discarded from the map. 

Fig. 8a and b show the image quality and the colour coded IPF 
map of a region, containing a WEC. The WEA is colour coded with 
black (that is it was not indexed by EBSD by a CI higher than 0.1), 
however a zone around the WEA in the process of grain refine- 
ment can be recognized by its significantly finer morphology 
compared to the neighbouring martensite matrix. In the fine 
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Fig. 7. EBSD of undamaged region: a) Image quality b) inverse pole figure color-coded and c) phase map of the undamaged matrix. The area in the white empty rectangle 


will be cropped for KAM comparison. 
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grained zone, there is no preferred grain orientation either. The 
phase map in Fig. 8c shows that the primary cementite particles 
remain largely unaffected in this grain refinement zone. 

In order to show more clearly the difference between the mi- 
crostructures in the WEC and the undamaged regions, the grain 
refined area within the two yellow dash-lines in the WEC region, 
Fig. 8a, is cropped and analyzed for the subsequent comparisons 
in: 1) grain size; 2) kernel average misorientation (KAM), which 


measures local misorientations and can be used to evaluate strain 
distribution in materials, e.g. steel after plastic deformation |17]. 
The measured WEC region and the undamaged region in the bulk 
specimen are shown and indicated by the empty yellow rectangles 
in Fig. 9a. Their depth positions, relating to the raceway, are also 
marked in Fig. 9a. Fig. 9b shows the chart of grain diameters, 
measured from the whole undamaged region in Fig. 7 and cropped 
WEC regions in Fig. 8. For the plotting, the grain tolerance angle 
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Fig. 8. EBSD of WEC region: a) the image quality, b) the inverse pole figure color-coded and c) phase map of an area around a WEC. 
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Fig. 9. Grain size distribution: a) Positions of undamaged and WEC regions for EBSD measurements. b) Grain size distribution chart of the WEC region and undamaged 


region. 
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Fig. 10. KAM maps: KAM maps plotted for the 1% nearest neighbour and maximum misorientation of 3° of a) undamaged region and b) WEC region. c) The comparative plot 


of KAM of the regions. 


was set to be 10° and the minimum grain size is 4 pixels. It can be 
seen that WEC region has noticeably smaller average grain sizes, 
compared to the grains of the undamaged region. The average 
grain size of the undamaged region and WEC region are measured 
to be 468 nm and 253 nm respectively. It should be noted that the 
matrix martensite grains in Fig. 8 also contribute to the average 
grain size of the WEC region. Consequently, the average grain size 
close to the actual WEA should be smaller than the quantified size. 
The WEA itself cannot be measured since the grain size is below 
the physical EBSD resolution of 30 nm x 90 nm x 100 nm at the 
applied experimental conditions [17]. 

Fig. 10 shows the kernel average misorientation (KAM) of the 
undamaged region from Fig. 7 and the WEC region in Fig. 8. The 
KAM was calculated with 1st neighbour and a cut-off angle of 3°. 
The grain boundaries, with misorientation higher than 10° were 
plotted by the white lines. It can be seen that there are denser green 
and yellow fractions (misorientation of 1-2.5°) in the WEC region if 
compared with the undamaged region. The quantitative comparison 
of KAM of the studied zones is shown in Fig. 10c, showing the KAM 
peak of WEC region shifts to higher angle range, compared with the 
undamaged region. This indicates a deformation history in the WEC 
region. The number fraction of pixels with misorientations 1-2.5° in 
the WEC region is also higher than the undamaged region. 


3.4. Atom probe tomography 


Fig. 11 displays the circumferential cross section of the da- 
maged bearing washer, but far from spallation, where white 
etching cracks are observed within several hundred micrometres 
depth below the surface. Two APT samples were site-specifically 
extracted from the matrix at a depth of 50 um from the surface 
and from the WEA at a depth of about 200 um below the surface, 
respectively, as indicated in Fig. 11. 

Fig. 12 shows the atom maps of C and Cr of the APT sample taken 
from the matrix. For details of identification of C and Cr and 3D 


Fig. 11. APT sample locations: Optical micrograph of WEC in the circumferential 
section of the raceway. The two arrows indicate the two sites where APT samples 
were extracted. 


reconstruction readers are referred to [18,19] where a steel with 
similar chemical composition to the current bearing steel was stu- 
died. Contrary to the homogeneous distribution of Cr, strong C-rich 
and C-depleted zones are observed. The regions enclosed by the 
green isoconcentration surfaces at 10 at% C may be identified as 
carbides. Two regions of interest (ROIs, see blue rectangles in Fig. 12) 
were selected for further quantitative analysis of the distributions of 
C and Cr in the C-rich zones. 1D concentration profiles plotted along 
the long axis of each rectangle show that C concentrations in the 
C-rich zones lie between 20-30 at% C suggesting that these zones 
can be identified as cementite. However, the presence of transition 
carbides cannot be excluded. No concentration peaks of Cr are ob- 
served in the carbides, indicating that the detected carbides are not 
primary carbides, but secondary carbides formed during low tem- 
perature tempering at about 160 °C. 

Fig. 13 shows atom maps of C and Cr of the sample taken from 
the WEA. Different from the microstructure of the matrix, the 
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Fig. 12. APT of matrix: C and Cr atom maps of the APT sample taken from the 
matrix. The regions enclosed by the green isoconcentration surfaces plotted at 
10 at% C and can be identified as carbides. 1D concentration profiles for C and Cr are 
plotted for the two selected ROIs (regions of interest) marked with two blue 
rectangles. 
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Fig. 13. APT of WEA: Atom maps of the APT sample taken from the WEA showing a 
homogeneously equiaxed nanosized structure with C segregation at grain bound- 
aries. No distinct segregation of Cr at grain boundaries is observed. 


WEA is characterized by a nano-sized grain structure. The grain 
boundaries are decorated by C and the grain size is in the order of 
10 nm. Cr does not show any segregation at the grain boundaries. 
To quantify the concentration of C at grain boundaries, the iso- 
concentration surfaces are plotted for three C concentrations: 
5 at%, 7 at% and 10 at%. At the highest C concentration of 10 at% 
only a few regions at the grain boundaries are enclosed by the 
isoconcentration surfaces, which means that the investigated WEA 
contains very few regions with a local C concentration above 
10 at%. This suggests that the investigated WEA is almost free of 
carbides. The formation of nano-sized grain structure indicates 
that the WEA may result from severe local plastic deformation 
together with the dissolution of carbides upon deformation. 


3.5. X-ray tomography 


Reconstruction of X-ray tomography data provides 3D density 
map that allows detection of small density differences in the bulk 
material of the bearing raceway, such as the presence of cracks. By 
comparing 2D slices from a tomographic reconstruction with op- 
tical microscopy images, see Fig. 14, it was confirmed that WEC 
could be detected in an mm-sized sample using laboratory X-ray 
tomography. By scanning a volume the WEC can be represented in 
three dimensions. By using an intensity threshold value it is pos- 
sible to segment a crack automatically. However there are limita- 
tions to how fine a crack can be identified automatically, which 
can be a problem when attempting to segment very thin cracks in 
the WEC networks, such as minor branches or crack tips. 

The larger inclusions in the bearing are relatively thick and 
thus readily visible using X-ray tomography, see Fig. 15. Scans 
showed the presence of up to 200 um long rod shaped inclusions 


Fig. 15. Inclusion locations: 3D representation of large MnS inclusion just below 
the raceway surface. 


Fig. 14. 2D X-ray tomography: Optical image of WEC and a 2D slice from X-ray tomography at roughly the same location. 
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Side crack which 
is shown in 3D 


Fig. 16. WEC network: Tomography 2D slices of several inclusion-like objects lying on a WEC network. The slices were taken within a range of 500 um. 


Fig. 17. WEC and inclusions: 3D representation of a side crack shown in Fig. 16. The 
crack itself is in red, with inclusion-like objects marked with blue. 


which were identified to be MnS using EDS in SEM. 3D imaging 
of these inclusions showed them to be aligned in a preferential 
direction which was unrelated to the raceway surface. Using 2d 
microscopy it can be difficult to see how large they are if the cut 
is not made exactly along the longitudinal direction of the in- 
clusions, thus their true size would most often be under- 
estimated from microscopy. 


When investigating WEC using 3d X-ray tomography, many 
smaller globular inclusion-like objects could also be detected. It is 
not possible to identify whether these are actually inclusions 
(Mns, Al2O0; etc) or porosities with tomography. They were pri- 
marily observed to decorate the cracks, see Fig. 16, relatively few 
could be observed in undamaged bulk material. By using thesame 
type of intensity threshold value method as with the cracks, the 
inclusion-like objects can be marked one by one. In order to dis- 
tinguish them from the crack, they were colour coded and a di- 
lation effect was used to enlarge them slightly, otherwise the 
software would show them as part of the crack due to overlap. The 
result is seen in Fig. 17, showing an example of a WEC with many 
embedded inclusion-like objects. Minor crack branches or crack 
tips could not be represented due to technique orsoftware lim- 
itations. The holes observed in the crack network aremost likelyan 
artefact from these limitations. 

The tomography results indicate the crack propagation is sen- 
sitive to inclusion location. While the large MnS inclusions do not 
seem to have any relation to the cracks, the cracks do seem to be 
related to smaller globular inclusion-like objects, which could be 
hard Al0O3. While these were also found in the matrix, the con- 
centration of them along the crack surfaces was very high 
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compared to the volume of the matrix. From various tomography 
scans far from the spallation, no WEC network was observed to be 
in contact with the surface, indicating these WEC to be subsurface 
cracks that propagate/initiate along small hard inclusions. 


4. Conclusions 


An accelerated WEC test was made using a type 81212 cy- 
lindrical roller thrust bearing that was run in an FE8 test rig for 
200h where spallation occurred. Away from the spallation mi- 
crostructural changes have occurred mainly at a depth of ap- 
proximately 100-250 um. Orientation contrast imaging of subsur- 
face WEA revealed an inhomogeneous structure with varied grain 
sizes and a large amount of defects. Microstructure characteriza- 
tion around WEA using EBSD showed significant grain refinement 
with an average grain size of less than 253 nm. The kernel average 
misorientation method revealed the plastic deformation features 
around the WEA. The variation in grain size, and the finding of 
what appears to be local deformation induced microstructure 
degradation in martensitic areas adjacent to WEA, makes de- 
formation induced grain refinement as a result of high local stress, 
due to a combination of over-rolling conditions, crack geometry 
and the presence of areas with different mechanical properties 
and load response (WEA and martensitic matrix), a viable me- 
chanism for further growth of WEA. 

Atom probe tomography showed the microstructure in the 
undamaged zone has a plate-like martensitic structure with car- 
bides and C decorated defects. Cr is homogeneously distributed in 
the matrix without any enrichment in tempered carbides. The 
microstructure of the investigated WEA exhibits equiaxed nano- 
sized grains with a grain size of 10 nm. There is no carbide de- 
tected in the WEA. These results indicate that the nanocrystalline 
structure observed in the WEA results from severe local plastic 
deformation together with carbide dissolution. 

Using X-ray computerized tomography it was possible to 
characterise WEC in three dimensions. While larger cracks and 
large MnS inclusions could readily be characterised, there are still 
some challenges involved in doing automatic 3D representation of 
WEC crack tips or smaller side branches. The presence of many 
small globular inclusion-like objects was identified along the 
cracks, which could indicate that cracks follow a preferential path 
based on inclusion proximity. The nature of these inclusion-like 
objects were not determined, they could be different types of in- 
clusions or porosities. The analysis of this particular system under 
non-hydrogen charged conditions revealed strong indications for 
subsurface WEC initiation and propagation. 
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